Thanks to their unique physical, chemical, and biological properties, raised bogs are considered archives of past hydrological and vegetation changes, which in the case of ombrotrophic bogs may reflect alterations of paleoclimate. Detailed studies on the past transformations of bogs provide researchers with necessary knowledge to anticipate future changes of these ecosystems. The aim of this research was to find a good and easily obtainable paleoenvironmental proxy that can be used in preliminary studies with no need for advanced equipment and extra costs. For our studies three raised bogs were chosen, whose genesis and history have been comprehensively described by other authors according to micro-and macrofossil data. We performed chemical analyses on the samples from the cores taken from the described bogs. Obtained results were compared with accessible data on the bogs' development and underwent statistical analysis. In general, geochemical features of peat presented in this article corresponded well with the accessible micro-and marcofossil data, and content of non-hydrolysable lipids in peat turned out to be the best indicator of water level on the studied bogs.
Introduction
Thanks to their unique physical, chemical, and biological properties, peat, especially of ombrotrophic origin, can register and store information on events and processes that took place on the bog or in its surroundings. Among them, vegetation changes and water regime modifications which in turn can result from plant succession, natural or anthropogenous alterations of hydrological system or even climate changes [1] [2] [3] [4] [5] [6] [7] .
In an anoxic, water-saturated, acidic environment of a raised bog both microflora and mesofauna are poorly developed and rather inactive. These conditions, combined with the presence of various tannin-like polyphenolic compounds, significantly slow degradation processes and result in the high quality of chemical preservation of palynomorphs, macrofossils, and biopolymers in peat [1] [2] [3] [4] [5] [6] [7] .
For paleoenvironmental reconstruction a multiproxy approach has been adopted, merging micro-and macrofossil record with various physical and geochemical parameters of peat. The most often measured parameters are degree of decomposition and degree of humification. Since the intensity of decomposition and humification increases with decreasing moisture of the bog surface, they can both be used as geochemical markers of past moisture changes and, in case of ombrotrophic bogs, of paleoclimate changes as well [7] [8] [9] [10] [11] . With the development of modern analytical methods, new paleoenvironmental proxies have come into play. Among them stable isotopes and chromatographically analyzed lipid composition of peat, both of which can provide detailed information on the development of bogs and allow us to infer about paleoclimate [12] [13] [14] [15] [16] [17] [18] [19] [20] . Multiproxy reconstructions of past transformations of bog ecosystems will help to predict their future changes caused by human impact and, in a longer time scale, by global warming. This in turn may prove crucial for raised bog preservation [21] .
The aim of this research was to find a good and easy to obtain paleoenvironmental proxy by checking how well simple geochemical features of peat correspond to the macrofossil record. Such a proxy can be used in preliminary studies with no need for advanced equipment and extra costs. We paid special attention to rough lipid proxies -total extractable lipids and non-hydrolysable lipids. Moreover, we checked the amounts of chosen heavy metals stored in peat from the studied bogs.
Materials and Methods

Study Site
For our studies three raised bogs were chosen, whose genesis and history have been comprehensively described according to micro-and macrofossil data by Tomaszewska [22] . The bogs are located in the valley of the river Izera, in the Izerskie Mountains, SW Poland (Fig. 1) . The Izerskie Mountains are part of a horst formed in the late Tertiary by uplift of an old denudation area. Although the outskirts of this denudation area were renewed by erosional activity of streams, its preservation (relics are visible on the hilltops) is a distinguishing feature of the Izerskie Mountains and provides favorable conditions for formation of peat deposits. Bogs are formed most often in the wide and flat parts of valleys in which tributaries join the main river (bogs A and C). In the narrower parts of valleys slope bogs are formed, located above flooded areas (bog B) [23] .
Bogs A (N: 50º50.245', E: 15º22.612') and B (N: 50º51.715', E: 15º19.248') were initially fed by underground waters, and bog C (N: 50º50.933', E: 15º22.156') was of fluviogenous origin. Currently, all the above-mentioned raised bogs have an ombrotrophic water regime [22] . According to Tomaszewska [22] , bog C is the oldest, with a thill layer dated at 8,390 years BP. Bogs A and B started to develop in the same period -a thill layer of bog A was dated at 3,480 years BP and of bog B at 3,570 years BP.
In her work, Tomaszewska [22] divided cores from the bogs into homogenous zones, developed under the same water conditions. In the presented research, we also used this division. We took one core from each raised bog and sampled all layers distinguished by Tomaszewska [22] . Detailed cross-sections of the bogs were prepared by Tomaszewska and are available in her work [22] .
Chemical Analyses
Organic matter properties of the samples were examined by measuring percentage content of mineral parts (MIN) according to Ostrowska et al. [24] ; percentage degree of decomposition (DD) according to Okruszko [25] ; percentage humic substances content (HS), including fractionation to humic and fulvic acids (HA and FA), according to Kononowa [26] , and percentage total nitrogen content (TNC) with Kjeldahl method, according to Sapek and Sapek [27] . Moreover, total extractable lipids and non-hydrolysable lipids content were measured by performance of the following procedure. An air-dried peat sample was mixed with anhydrous Na 2 SO 4 and extracted for six hours on a Soxhlet apparatus with a mixture of chlorophorm and methanol. The obtained extract was evaporated under vacuum and the container was carefully weighted. Total extractable lipids (TEL mg/g dry weight) were calculated as a difference between the weight of a container with evaporated extract and its own weight. To examine the amount of non-hydrolysable lipids, previously acquired extract was saponified and the lipid part was separated in a separatory funnel with the use of diethylether. After evaporation of the lipid part, the con- Fig. 1 . Location of the studied raised bogs. Detailed map after Tomaszewska [22] .
tainer was weighted and the content of non-hydrolysablelipids (NHL mg/g dry weight) was calculated as a difference between the weight of a container with evaporated extract and its own weight. All the reagents used were provided by Polish Chemical Reagents (POCH) and were of pure p.a. grade.
Heavy metals content in peat (Pb, Zn, Cd) was measured by atomic absorption spectroscopy (AAS) after mineralization of ash in 20% solution of HCl at 130ºC [27] .
Statistical Analyses
For the assessment of variance in geochemical features in studied peat a primary component analysis (PCA) was performed. For further analyses peats were divided into two groups: 1) formed while the water level on the bog was high 2) formed while the water level on the bog was low or changing. Differences between these two groups were assessed with the use of linear discriminant analysis (LDA) and the Kruskal-Wallis Test. Multivariate analyses were performed in CANOCO for Windows, Version 4.5 [28] , and KruskalWallis tests in STATISTICA 10.
Results
Raised Bog A
Peat from the three deepest layers from this raised bog was formed mainly from higher plant remains, though the layer 150-190 cm was classified as hummock Sphagnum peat. In this case, apart from bryophytes, lots of cottongrass remains were present in the sediment. Chemical analyses showed a high degree of decomposition (about 40%) and high content of mineral fraction in peats from these layers. They were also characterized by high content of humic substances, with prevailing humic acids, and quite high concentration of total nitrogen (Table 1 ). According to Tomaszewska [22] , deposition of these layers took place in the period of fluctuating water level on the bog.
The next layer (105-125 cm) was formed from hollow Sphagnum peat, characterized by a lower degree of decomposition (20%), lower content of mineral fraction, humic substances (still humic acids dominate), and total nitrogen ( Table 1) . As stated in Tomaszewska [22] , this layer was formed after a significant increase of water level on the raised bog, which enabled expansion of the bryophyte component of this ecosystem. Therefore, this layer marks a substantial change in the development of the bog. Not-bolded rows indicate high water levels during formation of a particular layer. Bolded rows indicate low or changing water levels during the formation of a particular layer. Water level was estimated according to Tomaszewska [22] .
The layers 90-100 cm and 25-75 cm are characterized by very similar geochemical features (moderate amount of humic substances with equal participation of humic and fulvic acids, relatively low total extractable lipids content), except the amount of non-hydrolysable lipids in peat. This parameter is two times higher in the deeper layer (Table 1) . Despite the presented similarities, according to Tomaszewska [22] the upper layer deposited when the water level on the bog was relatively low.
The uppermost layer (5-12 cm), formed by Sphagnum, with high proportion of cottongrass remains, is characterized by a moderate degree of decomposition (20%) and a high content of mineral fraction and humic substances (humic acids dominate) ( Table 1) . Tomaszewska [22] stated that this layer was formed after drainage of the bog in order to prepare it for tree planting.
Raised Bog B
The two deepest layers from this raised bog, pine peat layer (175-205 cm) and cottongrass -Sphagnum peat layer (150-175 cm), are characterized by the high degree of decomposition (about 60%), high content of mineral fraction, and total nitrogen. These layers are also rich in humic substances, with high participation of fulvic acids ( Table 1 ). The amount of total extractable lipids is rather low. As stated in Tomaszewska [22] , these layers deposited while the bog was fed by relatively fertile surface waters.
The next three layers (130-150 cm, 70-120 cm, and 20-55 cm) were formed mostly by Sphagnum peat, with low content of mineral fraction, total nitrogen, and humic substances (fulvic acids dominate), yet rich in lipids (both total extractable and non-hydrolysable Table 1 ). According to Tomaszewska [22] , these layers represent the oligotrophic stage in bog development.
The uppermost layer (5-12 cm) is characterized by geochemical features typical of decomposed peat: high content of mineral fraction, total nitrogen, and humic substances (fulvic acids dominate). A degree of decomposition of this layer is about 30% (Table 1) . Tomaszewska [22] stated that this bog was also drained for tree planting.
Raised Bog C
Peat from the deepest layer from this raised bog was formed mainly by Scheuchzeria remains and is characterized by a high degree of decomposition (45%), high content of mineral fraction, humic substances (fulvic acids dominate), and total extractable lipids ( Table 1 ). According to Tomaszewska [22] this layer was formed while the bog was fed by relatively fertile stream waters.
In the peat from the next layer (350-400 cm), all described parameters decrease ( Table 1) . As stated in Tomaszewska [22] , this layer marks a significant change in the development of this bog, being the first layer of its stable oligotrophic stage. According to Tomaszewska, between 343 cm and 315 cm there was a layer of inorganic stream sediments deposited during a period of floods of a nearby stream. The beginning of this period was dated at 6,125 years BP and the end at 5,625 years BP [22] . However, in our core an exclusively mineral layer was absent.
The next three layers (270-320 cm, 150-200 cm, 10-60 cm) are characterized by lower degrees of decomposition (about 10%), lower content of total nitrogen, humic sub- stances (humic acids dominate), and total extractable lipids, yet they contain relatively high amounts of nonhydrolysable lipids (Table 1) .
Statistical Analyses
Differences in geochemical characteristics of peats deposited under moist and dry conditions (high and low or changing water level on the bog) are shown on the PCA diagram (Fig. 2) . Peats formed while the water level on the bogs was high constitute a distinguished group in the left lower part of the diagram. Two scattered points from this category are a sample characterized by the highest observed content of total extractable lipids (left upper part) and a sample characterized by the highest observed content of humic substances (in the middle of the right part of the diagram).
Further analyses showed that peats formed while the water level on the bogs was high were characterized by a significantly higher content of non-hydrolysable lipids (p=0.0008); a significantly lower content of humic substances (p=0.0077) and total nitrogen (p=0.0330); and higher degree of decomposition (p=0.0271) in comparison to peats formed while the water level on the bogs was low or changing ( Table 2) .
The best discriminating parameter seems to be nonhydrolysable lipids content, characterized by the lowest pvalue in the Kruskal-Wallis Test (p=0.0008). This observation is confirmed by LDA analysis, which showed that nonhydrolysable lipids content explains 56% of variation observed between a group of peats formed under moist conditions and a group of peats formed under dry conditions (λ 1 =0.559, λ 2 =0.441, λ 3 =0.000, λ 4 =0.000, p=0.002).
Heavy Metals
For all of the studied bogs, the highest amounts of heavy metals were detected in the uppermost layers ( Table  3 ). The surface layers from bogs A and B were significantly richer in metal ions (especially lead) in comparison to the surface layer from bog C.
Discussion
All geochemical features of peat chosen in this study might be viewed as markers of organic matter transformations. These transformations may result from habitat alterations, such as shifts in water level and temperature, which directly influence decomposition processes on the bog. They may also be influenced by vegetation changes. Modification of peat-forming species composition alters chemical composition of plant biomass entering the bog, and eventually affects decomposition processes (Fig. 3) .
Both habitat and vegetation alterations can be caused either by autogenous (e.g. plant succession) or allogenous (e.g. changes of water regime in the catchment, weather phenomena) processes [2] . As far as mountainous raised bogs are concerned, one of the most important allogenous factors is activity of streams. In the valley of the Izera River, its tributaries are meandering freely, cutting through peat deposits and reaching periglacial eroded materials at the bottom of organic sediments. These materials might be further eroded, leading to breaking of huge peat blocks from the deposit. Such processes are the most intense during periods of high water level in the streams [23, 29] . According to these facts, there are two main drivers of organic matter transformations in the bog: 1) habitat conditions during deposition of particular layers and, resulting from them, 2) species composition of peat-forming plants.
In the case of sedentary sediments, these factors are interrelated and their impact on decomposition processes cannot be clearly distinguished (Fig. 3) .
The most widely used marker of organic matter transformations is a degree of decomposition measured as a ratio of decomposed amorphous matter to undecomposed peat. According to Tobolski [4] , the amount of amorphous matter, rather than being a function of time, is driven by bog hydrology. Consequently, it can be used as a geochemical marker of past moisture changes in the surface of a bog. In the case of ombrogenic bogs the degree of decomposition also can be used for assessment of paleoclimate changes, following a rule that the drier the conditions, the higher the degree of decomposition, because additional oxygen access to the sediments enables quick mineralization of organic matter [2, [30] [31] [32] [33] .
According to our study, the degree of decomposition was one of the geochemical parameters that significantly differentiated between peats formed under moist and under dry conditions (high and low or changing water level on the bog). This parameter is also influenced by chemical composition of biomass forming the sediments. Peats formed mostly from bryophytes, especially Sphagnum remains, are more resistant to decomposition than peats formed from higher plant biomass. Bryophyte tissues are less prone to decomposition because of specific primary and secondary metabolites (i.e. polyphenols, Sphagnum acid) and C:P ratio higher than in tracheophytes [34] [35] [36] . The degree of decomposition of studied peats was also affected by time, being visibly higher in the deepest layers.
As an additional assessment of intensity of decomposition processes on the bog, we used percentage content of mineral parts in peat. This usually follows a simple rule that the more decomposed the peat, the higher the content of mineral fraction. We observed this tendency in our study, though the p value for comparison between peats formed under moist and under dry conditions was slightly above 0.05 (probably due to a disproportional increase in mineral fraction in peat from bottom and surface layers of the studied bogs). In the bottom layers it was the effect of an inflow of surface waters to the bogs and in the surface layers it was caused by adaptation of bogs to tree planting [22] .
Just like the decomposition degree, total nitrogen content in the studied peats significantly differentiated between peats formed under moist and under dry conditions. Yet the nitrogen content was a result of biomass chemical composition rather than of decomposition itself. Tissues of higher plants contain significantly more total nitrogen than bryophytes [35, 37, 38] . Hence, we observed the highest total nitrogen amounts in peat rich with the remains of pine wood and cottongrass. In case of the studied bogs, the occurrence of both pines and cottongrass was an indicator of water level decrease and dry habitat conditions [22] .
Transformations of organic matter in the bog are also reflected by a degree of humification. This parameter is usually considered a percentage participation of humic substances in organic matter. The intensity of humification increases with decreasing moisture of the bog surface [7-9, 30, 39, 40] .
In the case of ombrotrophic bogs, we can use this relationship to infer about past climatic conditions. Though it is worth remembering that the degree of humification also depends strongly on the source of plant material [11, 41] .
In our studies the simplest indicator of humification processes, i.e. overall humic substances content, clearly distinguished a group of peats formed under dry conditions from a group formed under moist conditions. Inconclusive results obtained for our indicator of humification degree (HA/FA) were probably caused by the method's shortcomings, which included breakdown of humic acids into fulvic acids [42, 43] , causing artificial changes in an examined ratio.
Lipid fraction of organic sediments, including peat, can be very useful as far as paleoenvironmental reconstructions are concerned. Lipids provide researchers with information on the nature and abundance of organic matter sources and on reactions occurring after deposition of plant biomass. Therefore, detailed studies on qualitative and quantitative lipid composition in organic sediments make inferences about pasts environmental conditions possible [3, 8, 10, 12, 13, [16] [17] [18] [19] [20] 44] .
Lipid indicators used in this study were rather rough and comprised content of total extractable lipids and of non-hydrolysable lipids in peat. Though we initially supposed, that the total extractable lipids will be more abundant in peat deposited under dry conditions and therefore richer in higher plants remains, this indicator turned out to be indiscriminate.
On the other hand, amounts of non-hydrolysable lipids in peat formed under dry and under moist conditions differed significantly (p value 0.0008) and explained 56% of variation observed between these two groups of peats. High content of non-hydrolysable lipids is typical for bryophytes, especially Sphagnum mosses, which are particularly rich in sterols [34, 36] . Therefore, high-amounts of nonhydrolysable lipids are typical for slightly decomposed and highly acidic bryophyte peat. Such peat develops while the water level on the bog is high and stable, hence content of non-hydrolysable lipids in peat can be used to distinguish between peats formed under dry and under moist conditions.
As far as heavy metals are concerned, we observed an increase of their concentrations in the uppermost layers of the studied bogs. Though the Sudety Mountains are well known as a site of intensive, historical ore mining and smelting, there are only poor deposits of tin ore and cobalt minerals in the Izerskie Mountains, located in the valley of the Kwisa River and separated from our study areas by the Wysoki Grzbiet Range [45] . Hence, we assumed that the observed heavy metals deposits are of current origin (second half of the 20 th century). They were probably transported there as transboundary pollutants from smelters and plants in the Czech Republic and Germany. High heavy metals concentrations in the uppermost layers of peat are also related to drainage of bogs in order to prepare them for tree planting. Surface layers of peat are characterized by high volume density, since lowering the water level on the bogs caused intense mineralization. Therefore, the amount of metal ions counted for the unit of mass will be relatively higher [6, 46] . This process is clearly visible on the raised bogs A and B, which were subjected to drainage and are characterized by much higher concentrations of heavy metals in the surface layers than bog C.
Conclusions
Simple geochemical features of peat presented in this article usually corresponded well to accessible micro-and marcofossil data. Content of non-hydrolysable lipids in peat turned out to be the best indicator of water level on the studied bogs. Therefore, it may be employed to infer about paleoenvironmental changes and, in the case of ombrotrophic bogs, alterations of paleoclimate.
